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ABSTRACT. A large number of different methods for isolating and characterizing wax in 
bitumen, as well as for determination of wax content, have been used over the years. The 
methods used for determining wax content all give different results for one and the same 
bitumen, which has caused problems for many years. Through different types of phase 
transition, wax in bitumen influences bitumen properties to a larger or minor extent. In some 
cases, such an influence may give rise to negative effects like increased sensitivity to cracking 
or plastic deformation in asphalt concrete pavements. In other cases, wax may even show 
positive effects on bitumen, such as increased stiffness at higher temperatures, leading to 
improved resistance to rutting. This paper is the second of two companion papers discussing 
the field of bwwledge concerning wax in bitumen. In the first paper, classifications and 
general aspects on effects of wax in crude oil and bitumen are described. 
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1. Introduction 

Wax in bitumen has normally been considered as a negative indication of the 
quality of the bitumen. Consequently, many bitumen specifications include 
requirements concerning wax content. Factors influencing the effect of waxes in 
bitumen are chemical composition (source of bitumen) and rheological behaviour of 
the bitumen as well as content, composition and crystallinity of the wax. According 
to the literature, negative effects on bitumen due to high wax content may show in 
different ways. The viscosity may suddenly decrease in the melting temperature 
range of the crystallized wax (typically around 60-80°C). Other feared effects are 
brittleness, physical hardening, poor ductility and poor adhesion. Results and 
experience concerning negative effect of wax in bitumen are based mainly on 
laboratory studies. 

Several methods are used for determination of wax content. They all give 
different results for one and the same bitumen, which has caused problems for many 
years (Krom, 1968; Noel et al., 1970). 

The literature study on wax in bitumen is presented in two companion papers, 
one on classifications and general aspects (Edwards et al., 2005) and this paper on 
characterization and effects of wax in bitumen. In the current paper, methods for the 
separation of wax, chemical characterization, rheological methods, thermal analysis 
and crystallography are dealt with. Rheological effects on bitumen caused by wax 
content are described. Furthermore, it is discussed whether or not the changed 
performance caused by wax content will affect the performance of asphalt concrete 
mixtures. The paper ends up with some general comments. 


2. Methods for characterizing waxy bitumen 

In this chapter, different methods for isolating wax from bitumen, and for 
chemical characterizing of the wax, are described. A special section is devoted to the 
determination of wax content. Furthermore, thermal analysis, morphology and 
rheological properties of bitumen containing wax are treated. 


2.1. Separation of wax 

For determining wax content and/or analysing chemical properties of wax, the 
wax must first be isolated from the bitumen. Wax determination in bitumen is 
complicated, but most methods consist of two steps, separation and wax 
precipitation. As a rule, the end product is a mixture of crystalline and amorphous 
material. 

Separation means removal (or breaking down) of bitumen components with high 
molecular weight, such as asphaltenes and resins. This can be done by distillation 
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(destructive effect, cf. Section 2.1.1) followed by treatment of the distillate. It can 
also be done by adsorption of high molecular substances on special adsorbents (cf. 
Section 2.1.2) in combination with solvent extraction of oils and waxes. During the 
1990’s, ion exchange chromatography, IEC (cf. Section 2.1.5), has been used to 
remove polar (basic and acidic) components. Separation of bitumen with respect to 
molecular and multimolecular size, size exclusion chromatography, SEC (cf. Section 
2.1.5), is another technique used. 

Wax precipitation implies separation of wax from the resin and asphaltene free 
fraction using a solvent, in which the waxes are not soluble at low temperature (de¬ 
waxing step). The waxes crystallize, and are filtered. The result depends on the 
choice of solvent. Ketones like acetone (C 3 H 6 0 ), butanone (C 4 H s O)/methyl ethyl 
ketone MEK, methyl isobutylketone (CTHijO) MIBK and alcohol-ether mixtures 
have been used. The precipitation temperature used varies between 0 and -50 °C. At 
higher crystallization temperature, the fractions containing alkanes with higher 
molecular weight and fewer branches crystallize, as well as cycloalkanes with long 
side chains. At gradual drop in temperature, the fractions will contain more and 
more isoalkanes and cycloalkanes with shorter side chains. At the same time, the 
average molecular weight of the fractions will decrease (Mozes, 1982). The ratio 
between solvent and sample volumes vary from 10/1 to 100/1 (Carbognani et al., 
1998). The cooling time is not always described in these methods. There is some 
indication that the longer the hydrocarbon chain of the solvent used, the lower is the 
required temperature to gain comparable amounts of wax (Carbognani et al, 1998). 
For practical reasons, it is considered better to use short chain solvents in 
combination with higher temperature, by which problems with icing can be avoided, 
and the distillation of solvent for fraction recovery will be easier (Carbognani et al, 
1998). Wax from different bitumens may need more or less time to precipitate even 
with the same solvent and cooling temperature. 

As stated above, the separation and de-waxing procedures vary. One separation 
possibility already mentioned is to remove asphaltenes and resins by precipitation in 
solvent at sufficient high temperature (at which all waxes are dissolved). Another 
possibility is to use sulphuric acid to remove the components interfering in the final 
de-waxing step (Krom, 1968). Yet another possibility, pointed out already in the 
1930’s, comes from the fact that a big change in volume occurs when the wax is 
transformed from solid to liquid state. The amount of crystallizable wax should 
therefore be possible to measure as a coefficient of material expansion, i.e. 
dilatometric measurements (Krom, 1968, cf. Section 2.2). 

Studies of wax precipitation in bitumen and determination of the crystallized 
fraction content have, since the 1970’s, been performed using DSC (Noel et al., 
1970; Claudy et al, 1993). 

The amount of n-alkanes in bitumen wax has also been determined by comparing 
GC peak areas of a known standard (docosane, C 22 IT 46 ) and bitumen wax fractions 
(Redelius et al., 2002 ). 
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Different determination methods (based on destructive distillation, 
chromatography, extraction, dilatation or DSC) are likely to give different results, 
which also has been shown in several studies (cf. Section 2.2). 

2.1.1. Distillation 

During the years, it has been pointed out by many researchers that pre-treatment 
by distillation cannot be used to get ’’correct” wax contents. The decomposing 
distillation used (according to Holde, i.e. the DIN 52015-method), normally destroys 
some of the waxes and consequently gives too low a wax content value. In the DIN 
method, destructive distillation is performed followed by cooling of the distillate in 
a solution of ethanol-ether to (-20 °C) for wax to precipitate in. Since bitumen is 
already a distillation residue, further distillation will result in thermal cracking of 
larger molecules, including the ones with long paraffin chains. The melting point of 
a wax in bitumen will drop, if ring systems are added to the end of any hydrocarbon 
chain. Accordingly, waxes with high molecular weights and several rings may show 
melting points below 25 °C, while paraffin chains without ring systems (which are 
obtained by destructive distillation at high temperature) show higher melting points 
(Krom, 1968). 

2.1.2. Extraction process (open chromatography) 

Extraction methods are applicable, if complete extraction can be obtained. The 
amount of wax material extractable from bitumen depends on the ratio between 
bitumen and adsorbent (e.g. clays and natural aluminium silicates) as well as solvent 
type. If n-hexane, n-heptane or isooctane is used, it has been shown that the wax 
content increases with decreasing ratio between adsorbent and bitumen. The highest 
amount of wax will be obtained without adsorbent, i.e. if only the asphaltenes are 
removed, but, in this case, also other materials, indissoluble in the solvent during de¬ 
waxing at low temperature, will be included. By using less active adsorbents or 
more suitable solvents, the method has been improved over the years. With benzene 
or toluene, the adsorbent/bitumen ratio will be less important. De-waxing can be 
performed using for example methyl isobutyl ketone MIBK at -30°C. Separation of 
wax using extraction method has been described by (Fritsche, 1995). 

An extraction method for obtaining wax in larger scale in the laboratory was 
developed by Carbognani et al. using a test set up for continuous extraction of 
several kilos of bitumen (Carbognani et al., 1998). 

2.1.3. Liquid chromatographic methods 

Methods using liquid chromatography start by dissolution and precipitation of 
asphaltenes in a light aliphatic solvent such as n-hexane or n-heptane (or butane at a 
higher temperature). Separation of the wax from the maltene phase and wax content 
determination using chromatographic methods can then proceed according to, for 
instance, the method TGL 21 286 (Fritsche, 1995). 
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Gawel used chromatographic separation after precipitation of the asphaltenes in 
warm n-heptane (the bitumen was heated with forty times the sample volume). The 
concentrated maltene sample was then mixed with silica gel (thirty times the sample 
weight) and the saturated fraction eluted from the silica using n-heptane. The wax 
was precipitated in a solution of ether and ethanol at -20 °C and fdtered at the same 
temperature. The wax crystals were then dissolved in hot n-heptane, the solvent was 
removed and the wax dried. (Gawel et al., 1998) 

Sebor et al. (1999) developed an optimized liquid chromatographic method for 
the preparative separation of heavy petroleum maltenes into saturated components, 
mono-, di- and polyaromatics and polar aromatic components. The purity of the 
different components (which is one of the main problems of this kind of separation) 
was improved and the time for separation shortened. Beer et al. (2000) used the 
methods of Sebor, but dissolving and elution of the maltene phase were performed 
using isooctane (compared to hexane used by Sebor). 

2.1.4. Procedure according to French norm NF 66-015-84 

According to the French norm, determination of wax content starts with 
precipitation of high molecular substances in a mixture of alkanes (with boiling 
points from 30 to 75 °C) and precipitation of aromatic components using sulphuric 
acid (to sulphonic acid). The crystallizing wax fraction is precipitated in a mixture of 
diethyl ether and ethanol at -20°C (Fritsche, 1995). A modified version (SMS-1769) 
has been used by Shell (Krom, 1968). In the Shell method, other solvents are used 
compared to the standard test method (Van Doom, 2002). 

2.1.5. Neutral fraction by IEC or SEC 

As indicated above, it is not an easy task to separate waxes from most bitumens 
in an effective way using standard precipitation methods. This is due to the fact that 
too much polar aromatic material co-precipitates. In many recent studies, the IEC 
(Ion Exchange Chromatography) neutral fraction of the bitumen has been chosen 
and used as “wax fraction’’, i.e. polar (basic and acidic bitumen components) are 
removed by ion exchange chromatography, and the waxes are separated from the 
IEC neutral fraction (McKay et al., 1995). This type of separation technique is very 
time-consuming. The acidic bitumen fraction is retained on the anion resin and can 
be desorbed with a solution of benzene and methanol saturated with carbon dioxide. 
The basic and amphoteric fractions (all molecules with one or more basic functional 
groups) are adsorbed on the cation resin and can be desorbed with a solution of 
benzene, methanol and isopropyl amine. IEC methods are described in detail in a 
SF1RP report (Petersen et al., 1994). 

Size Exclusion Chromatography (SEC) separates bitumen solutions in toluene 
into molecular and multimolecular sizes. Solutions pass through columns filled with 
gel particles of different sizes. Large molecules or associations of molecules pass 
relatively quick through the column, while smaller molecules pass more slowly. 
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SEC is also called GPC (Gel Permeation Chromatography). In SEC, the choice of 
solvent is very important, but SEC separation methods do not suffer from 
irreversible absorption, as in the case of IEC and liquid chromatographic procedures 
(Petersen et al., 1994). 

Preparative Size Exclusion Chromatography (PSEC) separates bitumen in 
different SEC-fractions, such as SEC-I and SEC-II. The technique is used to provide 
fractions large enough for further studies, i.e. rheological analysis. Cut-point 
between SEC-I and SEC-II can be defined as the point the eluate changes from non- 
fluorescence (black) to fluorescence (bright blue), when exposed to light of 350 nm. 
SEC-II can be used further for wax precipitation and wax analysis (Redelius et al., 
2002). SEC methods are also described in detail in the SHRP report by Petersen 
et al. (1994). 


2.2. Determination of wax content 

One reason why the opinion of the effects of wax on bitumen varies so much is 
that different methods for wax precipitation give different results, which is true for 
wax quantity as well as quality (Fritsche, 1995; Gawel et al., 1997, 1998; Krom, 
1968; Van Doom, 2002; Noel et al., 1970; Barth, 1962; Edwards et al., 2003; Mozes 
1982; Boucher, 1991). Wax content has been determined using methods/procedures 
such as the ones listed below: 

- German method by Holde/DIN 52015 (DIN-52015, Fritsche, 1995) (cf. Section 

2 . 1 . 1 ); 

- French method NF T66-015 (NF-T66, Fritsche, 1995) (cf. Section 2.1.4); 

- Shell method SMS 1769 (SHRP-A-369) (cf. Section 2.1.4); 

- IR method (Van Doom, 2002, McKay et al., 1995) (the IR regions 750-680 
cm" 1 , 940-660 cm' 1 and 1800-1530 cm" 1 have been used); 

- Iatroscan method (Unterleutner et al., 1998) (a correlation between Iatroscan 
analysis and paraffin wax content according to DIN 52015 has been found); 

- Differential Scanning Calorimetry (DSC) (Brule et al., 1990; Noel et al., 1970; 
Such et al., 2000; Edwards et al., 2003; Lu et al., 2004b) (cf. Sections 2.4 and 
paragraph 3.2.1)); 

-Adduct formation with urea (Boucher, 1991; Mozes, 1982; Barth, 1962); 

- Dilatation measurements (Krom, 1968; Bahia et al., 1992); 

- Brightness method (Obertiir, 1998b) (the brightness of bitumen is measured 
with reflectometer). 

In the European binder specification EN 12591 “Bitumen and bituminous 
binders - Specifications for paving grade bitumens”, two methods for the 
determination of wax content are included, the distillation method EN 12606-1 and 
the extraction method 12606-2. The standard contains two different requirements 
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(max. 2.2 and 4.5 weight-% respectively). EN 12606-1 is based on DIN 52015-1980 
and EN 12606-2 is based on AFNOR NF T 66-015-1984. In both the EN methods, 
paraffin wax is defined as “mixture of hydrocarbons crystallizing in an ether/ethanol 
50 % (V/V) mixture at temperatures down to -20 °C, obtained by a specified process 
and having a range of melting of above 25 °C”. However, in the revised EN 12591 
standard to be published, probably during 2006, wax content has been deleted. The 
standard was revised to make it more harmonized than the previous version. In 
Annex C of EN 12591, it is mentioned that the compositional requirement will be 
replaced in due course by functional properties in a future revision. Work with such 
functional methods is going on within CEN TC 336. 

Within the SHRP specification, there is no requirement on wax content. 
However, Boucher (Boucher, 1991) was of the opinion that wax content as well as 
wax tolerance should be part of a binder specification. If the wax content is lower 
than the wax tolerance, the binder specification is fulfilled. 


2.3. Chemical characterization of wax and wax components 

Chemical characterization of separated bitumen fractions, in this connection 
wax, is important as the chemical composition may vary substantially and, 
consequently, affect bitumen rheology in different ways. There are several methods 
for analysis of bitumen fractions available. The methods most frequently used for 
wax in bitumen are listed below: 

- Separation in generic components (SAR) (Carbognani et al., 1989, 1998); 

- Elementary analysis (Gawel et al., 1997, SHRP-A-368); 

- Nuclear Magnetic Resonance spectroscopy (NMR) (Roberts et al., 1972; 
Gawel, 1987; Netzel et al., 1989; Gawel et al., 1996; Lu, 1997; Gawel et al., 1997; 
Branthaver et al, 1983; King, 1991; Ronningsen et al., 1991b); 

- IR spectroscopy (IR) (Musser et al., 1998; Branthaver et al, 1983; SHRP-A- 
370); 

- Gas Chromatography (GC) (Gawel etal., 1997; SHRP-A-368); 

- Gel Permeation Chromatography (GPC) (Beer et al, 2000). 


2.4. Thermal analysis 

Thermal analysis can be used for studying physical-chemical properties and 
chemical composition of petroleum products such as oils, fat, wax and bitumen. 
Such thermal methods are DTA (differential thermal analysis), DSC (differential 
scanning calorimetry), TG (thermogravimetry), DTG (derivative thermogravimetry), 
DT (dilatometry) and TMA (penetrometry). In an article by Weslowski 
(Wesolovski, 1981), these methods have been discussed in detail for different types 
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of application within the petroleum industry. In this section mainly DSC is described 
because this method is by far the most used for studies of bitumen containing wax. 

In DSC-analysis, a small sample is exposed to cooling and heating cycles, and 
thermal effects are registered. Such effects are due to glass transition, melting, 
dissolution, crystallization/precipitation, re-crystallization and other changes of state 
(cf. Section 3.2). 

DSC curves of petroleum wax (and bitumen containing wax) differ in 
appearance. Microcrystalline waxes start to melt at comparatively low temperatures 
and continue to melt over a wide temperature range, the melting process being 
represented by a single broad DSC-peak. This peak is a result of the higher 
molecular weight of the microcrystalline waxes consisting of mainly branched and 
cyclic hydrocarbons. Generally, paraffin waxes (n-paraffins) have higher melting 
points and show two characteristic DSC-peaks, one sharper due to melting and 
another weaker due to the transition between solid phases (like from orthorhombic 
crystalline form to hexagonal) (Wesolovski, 1981). The temperature ranges of 
melting and crystallization are much affected by the heating/cooling rate. In the case 
of microcrystalline waxes, a decrease in heating rate will result in lower and less 
broad DSC peaks. 

The glass transition temperature, Tg, of bitumen depends on several factors such 
as molecular weight, plasticizing additives, polymerization etc. The transition is 
accompanied by a sudden decrease in shear modulus and an increase in specific heat 
and expansion coefficient (Krom, 1968). There is also a relation between Tg and 
Fraass breaking point (Planche et al., 1998). For bitumens from the same crude 
source, the Tg value varies with penetration (Noel et al., 1970). The glass transition 
shows a finite width, which can be seen as characteristic of its complexity, typically 
from 30 to 50 °C wide in bitumen (compared to 5 to 20 °C in single-component 
systems). Characterizing the glass transition may vary in degree of difficulty 
depending on the bitumen studied (Branthaver, 1995; Huynh et al., 1978). 

Quantitative DSC methods for bitumen have been developed by among others 
Bmle et al. (1990), who assumed that the main part of the crystallizing fraction (CF) 
in bitumen was n-alkanes. Later, it has been shown that CF does not always consist 
of pure crystallized material (Claudy et al., 1992a). Important factors to be specified 
in DSC-analysis are sample size, temperature range, base line (relation between the 
change in heat capacity and temperature), initial temperature (e.g. the minimum in 
the first derivative of the calorimetric signal above Tg), final temperature 
(sufficiently high for the crystal dissolution to be completed) and enthalpy value 
(e.g. 200 J/g). The repeatability of DSC-analysis is found to be good with a 
coefficient of variation of less than 5% (Bosselet et al., 1983). 

In TMDSC (Temperature Modulated Differential Scanning Calorimetry), a so- 
called ADSC (Alternating DSC) is used and considered to be more sensitive for 
samples with low wax content than conventional DSC, especially at low cooling 
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rates (Jiang et al., 2001). In conventional DSC, the sample is subjected to a linear 
heating or cooling rate. However, in TMDSC, a periodic (usually sinusoidal) 
temperature modulation is superimposed on a constant underlying heating or cooling 
rate. 

Reduced thermograms have been used to distinguish between wax types 
(macrocrystalline or microcrystalline) (Obertur, 1998a). In reduced thermograms, 
the melting enthalpy H t and H 2 for the melting peaks are plotted in the diagram 
against the corresponding temperatures Ti and T 2 for the peak maximum. In the 
diagram, the thermoanalytical measurement is reduced to two points that can be 
connected by a straight line of varying slope depending on type of wax. A pure n- 
alkane like octacosane (C 2 g) belongs to the macrocrystalline waxes and shows in 
such a thermogram a very large slope, while the slope of a typical microcrystalline 
wax is small. 


2.5. Morphology 

Crystals (as occurring in natural minerals) are characterized by well-defined and, 
to some extent, symmetrically arranged planes. This internal structure of the crystals 
can be studied using X-ray diffraction. By studying the symmetry of the externally 
exhibited structure and the internal structure, crystals can be classified into six 
different types of crystal systems, where each system is defined by certain symmetry 
elements. The different crystal systems are called cubic, hexagonal, tetragonal, 
orthorhombic, monoclinic and triclinic (Barrow, 1966). 

Petroleum waxes consisting mainly of n-alkanes normally crystallize in large, 
macrocrystalline plates, while waxes of high molecular weight and with long side 
chains crystallize in small microcrystalline needles (Srivastava et al., 1993). 
However, type and size of the crystals vary depending on, for instance, the analytical 
technique, of which the most frequently used are shortly described in the following 
sections. 

2.5.1. X-ray diffraction/Electron diffraction 

X-ray diffraction is used for studies of the atomic structure of crystallized 
material and is based on analysis of interference patterns caused by the scattering 
(diffraction) of penetrating radiation. For crystals, this technique can give 
information about bonds and angles of molecules in the crystal and about the 
structure of different crystal units. Several researchers have reported such studies on 
waxes (Dirand et al., 1998; Dorset, 2000; Radlinski et al., 1996; Chevallier et al., 
1999). 

2.5.2. Thermomicroscopy 

Optical thermomicroscopy, such as phase contrast microscopy (PCM) with 
polarized light, have been used for direct studies of waxy fractions and for 
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determining temperature dependent structural changes (Ronningsen et al., 1991a; 
Letoffe et al, 1995; Claudy et al., 1991, 1992a, 1992b, 1993; Gawel et al, 1996, 
1998; Srivastava et al., 1997). Optical microscopy can provide information about 
internal material structures including phenomena such as crystallization and phase 
separation. Optical thermomicroscopy technique like PCM and microscopy with 
polarized light have been used for direct observations of phase transitions from solid 
to liquid phase in bitumen. The precipitation of crystallizing fractions at controlled 
temperatures can be visually observed and correlated to, for instance, changes in 
enthalpy by DSC. However, microscopic studies of the crystallizing fraction are 
difficult to perform at contents lower than 5% (Claudy et al, 1991). 

2.5.3. Electron microscopy 

Kane et al (2003) advocate transmission electron microscopy (TEM) for studies 
of petroleum waxes in natural state. TEM is used in combination with special 
cryotechnique with rapid cooling of the sample to fix the original structure. The 
electron microscopy is performed on the so-called replica of a fractured sample. 
This freeze fracture technique is widely used in biology research and in combination 
with both TEM and SEM (Scanning Electron Microscopy) (Duke, 2003; Muldrew, 
2003). The fractured surface follows the interfaces between suspended particles 
(such as wax crystals) and the vitrified ‘‘‘solvent”. 

Loeber et al (1998) used SEM and AFM (Atomic Force Microscopy) to obtain 
structural information of bitumens. When using SEM, the samples were deoiled by a 
special preparation technique. 

Lu et al. (2004a) used the confocal laser scanning microscopy (CLSM), and the 
freeze fracture technique in combination with transmission electron microscopy (FF- 
TEM). By these microscopic techniques, microstructure of wax crystals was 
characterized. Polarized light microscopy (PLM) and CLSM gave information about 
the size and shape of the wax crystals in the bitumen, while FF-TEM showed the 
internal structure of the wax crystals (layers building up the crystals). 

2.5.4. Dark field microscopy 

Dark field microscopy differs from other types of light microscopy, for instance 
phase contrast and microscopy with polarized light, by the fact that no light passes 
into the microscope objective except from the sample itself. Particles, on or in the 
sample, reflect light, which shows as light spots against a black background. Dark 
field microscopy is used in a currently project on synthetic wax in bitumen 
(Harders, 2002). 


2.6. Rheological properties of bitumen containing wax 

Rheological properties of waxy as well as non-waxy bitumen are measured by 
many different methods of empirical or fundamental type. Dynamic mechanical 
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analysis (DMA) with dynamic shear rheometer (DSR) has proved very useful for 
studying the rheological behaviour and effects of wax in bitumen. 

In this section, rheological methods for testing bitumen containing wax are 
described. Also other test methods used for rheological characterization of bitumen 
in general have been listed and shortly described by Isacsson et al. (1995). 

2.6.1. Viscometry 

In connection with wax, viscosity can be measured using a rotational viscometer 
at specified shear rate and cooling/heating rate. The transition between Newtonian 
and non-Newtonian state, under the effect of wax in crude oil or bitumen, can be 
registered (Kok et al., 1996; Ronningsen et al., 1991a). 

2.6.2. DMA with DSR 

The effects of wax on the rheological behaviour of bitumen show as different 
kinds of effects on the complex modulus and phase angle in temperature/frequency 
sweeps. A dynamic sinusoidal load at a given temperature and frequency is applied 
to the sample, and the response of the sample is measured. The complex modulus 
G* is a measure of sample shear resistance, i.e. its overall resistance to deformation. 
The phase angle 5 is the time lag between stress and strain. It is a measure of the 
viscoelastic character of the bitumen. The phase angle is 90 degrees for a completely 
viscous material (liquid) and 0 degrees for an ideal elastic solid. Black diagrams 
show the complex modulus as a function of phase angle. 

G* and 5 are used in two ways in the SHRP specification. Permanent 
deformation is controlled by limiting | G* | /sin5 to at least 1.0 kPa before ageing in 
RTFO (Rolling Thin Film Oven) and PAV (Pressure Ageing Vessel) and at least 2.2 
kPa after ageing. A better indicator for rutting is the zero (or comparatively low) 
shear viscosity (ZSV), which can be determined using oscillation test or a creep test. 
Correlation between ZSV and asphalt rutting has been shown for penetration grades 
and modified bitumens (Philips et al., 1996; Guericke, 2001). Flowever, measuring 
difficulties may occur for highly modified and/or waxy bitumens (De Visscher et al., 
2004). Zero shear viscosity is defined as the limiting value of the viscosity function 
for “infinitely low” shear rates (Mezger, 2002). 

Further more, in the SF1RP specification, resistance to fatigue cracking is 
believed to be assured by a limiting value for G*sin5 of 5 MPa on aged material. 
Flowever, more recent research has shown that G*sin5 (loss modulus) is not a 
reliable parameter for controlling fatigue resistance of a binder, especially not for 
polymer modified bitumen (Bahia et al., 1999). Better criteria are required. A 
fatigue criterion based on a specification temperature obtained using the loss 
modulus G” at a 25% strain level under a frequency sweep (10 rad/s) has been 
proposed (Shenoy, 2003). 
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2.6.3. Low temperature analysis usingBBR andDTT 

Bending Beam Rheometer, BBR, has proved suitable for the characterization of 
so-called physical hardening, meaning isothermal stiffening of the binder. The effect 
of physical hardening on the creep compliance can, according to SHRP, be 
expressed by a parameter PHF (Physical Hardening Factor) or by HSF (Hardening 
Shift Factor) (Bahia et al., 1992). At a given temperature, the first mentioned factor 
is expressed as (Planche et al., 1998): 

PHF = (S 24h S lh ) mulm2ih [1] 


where: 

S: the creep stiffness 

m: the rate of change of the stiffness versus time 

A linear correlation (R 2 >0.7) between wax content (determined by the Shell 
SMS-method) and physical hardening determined by BBR using HSF has been 
shown (Bahia et al., 1992). Lu et al. (2004b) reported a weaker correlation (R 2 <0.6) 
between hardening indice (defined as S 2 4 h/Sih) at a given temperature and wax 
content determined by DSC. 

The critical cracking temperature (T crllic;l |) parameter in the SHRP MPla 
specification combines data from Direct Tension test, DTT, and BBR and has been 
found to better describe the low temperature performance of waxy bitumens (as well 
as polymer modified and air-blown bitumens) (Ho et al., 2004). 

2.6.4. Empirical parameters 

In some studies, the effects of wax have been shown using empirical parameters 
such as softening point (EN 1427), penetration (EN 1426), ductility (EN 13589) and 
breaking point Fraass (EN 12593) (Butz et al., 2000; Que et al., 1991; Obertiir et al., 
1997; Lajain, 2001). 

Adding paraffin wax to bitumen normally makes the penetration drop and the 
softening point increase. Changes in softening point, breaking point and plasticity 
range, as a result of wax, depends on the melting point of the wax (in relation to the 
bitumen) and possible thinning effects. For harder bitumens, adding of a typically 
macrocrystalline wax may cause change for the worse at low as well as high 
temperatures (the breaking point increases and the softening point decreases). 
Penetration index PI is frequently used as a measure of bitumen temperature 
sensitivity, but could for waxy bitumens give incorrect indications. Instead, the PVN 
(Penetration Viscosity Number), which is based on penetration at 25 °C and 
viscosity at 135 °C has been used. PVN does not change (as PI) when the bitumen is 
aged, which has aroused doubt against PVN as measure of temperature sensitivity 
(Anderson et al., 1983). Ductility testing gives an indication of bitumen 
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homogeneity and cohesion. Paraffin wax rich bitumen may loose its ductility and 
become inhomogeneous as a result of wax crystallization (Que et al., 1991). 


3. Rheological effects of wax in bitumen 

Rheology is the science of material deformation and flow in liquid, melted and 
solid state (Mezger, 2002). Elasticity of a material gives an insight into its structure 
and is a measure of the ability to store deformation energy. It determines to what 
extent the material can return to its initial state after deformation. Viscosity is a 
measure of the flow resistance of a material. 


3.1. Rheology - bitumen 

Bitumen is a viscoelastic material and as such shows viscous and elastic 
behaviour simultaneously (Mezger, 2002). Viscoelastic behaviour under creep 
loading is characterized by three main regions; purely elastic deformation, delayed 
viscoelastic deformation and purely viscous deformation (Mezger, 2002). The 
bitumen behaviour and state will depend on time (or rate) of loading and loading 
temperature (SHRP-A-369). The viscous part of the creep loading effect is the one 
that stands for a non-recoverable (permanent plastic) deformation of the bitumen, 
dominating at long loading times or high temperatures, while the elastic part of the 
creep resistance is dominating at short loading times and low temperatures. Creep 
curves from tests performed at different temperatures can be combined to a so-called 
master curve by shifting along a time-axis so that just one creep curve is obtained at 
one reference temperature. A horizontal time shift factor a(T) is obtained for each 
creep curve and test temperature. The shift factors can be plotted against 
temperature. This possibility of replaceability between temperature and time for so- 
called thermo-rheologically simple materials is called time-temperature 
superposition. The time dependency is reflected in the master curve, and the 
temperature dependency in the shift factors (by the plot of log a(T) versus 
temperature) (SHRP-A-369). 

The rheological behaviour of bitumen can be described using different 
rheological parameters, but also depends on the type of loading applied to the 
bitumen and on its thermal history. Different types of rheometers for oscillatory 
testing are often used. Oscillatory shear tests in a rheometer with parallel plates have 
also been used for measuring non-linear viscoelasticity of bitumen (large strains) 
(Bahia et al., 1999; Shenoy, 2003) and for fatigue failure studies (Bahia et al., 1999; 
Soenen et al., 1999, 2000, 2003). 
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3.1.1. Rheology’ - paraffin waxes 

The rheological behaviour of macrocrystalline and microcrystalline waxes 
(below their melting points) depends on the chemical structure, the crystal network 
structure and the forces acting between molecules in this structure. Depending on 
the circumstances, polycrystalline wax may, like bitumen, behave in an elastic, 
viscoelastic or viscoplastic way. Determining for the crystallization is above all the 
cooling rate but also the actual temperature, the magnitude of applied forces and the 
type of loading (Mozes, 1982). In general, finer crystal particles in a polycrystalline 
system give higher strength. For the determination of different rheological properties 
of waxes, such as strength, hardness and fatigue, the same kind of traditional tests as 
for bitumen are used. For instance, direct tensile testing and penetration are common 
tests for waxes as well as for bitumen (with or without wax). The tensile strength 
increases with the tensile rate (between -20 and +25 °C) for both macrocrystalline 
and microcrystalline waxes, i.e. the waxes show viscoelastic behaviour. The tensile 
strength also increases with lower temperatures and decreases with higher oil 
content, particularly at low temperatures (Mozes, 1982). Penetration is considered 
one of the most important application related properties of waxes, influenced by 
crystallinity as well as viscosity of the wax (Laux et al, 2005). 


3.2. Effects and phenomena 

At 80 °C and above that, bitumen can be regarded as a homogenous liquid phase. 
At decreasing temperature, the solubility of aliphatic molecules will decrease and a 
crystallizing fraction may start to precipitate. 

3.2.1. Phase transitions and effects on Tg 

Below Tg, the glass transition temperature, the bitumen is in a glassy state. On 
heating, above Tg, the crystalline fractions gradually dissolve in the liquid phase, 
giving an endothermic effect up to about 80 °C, where the bitumen will behave like 
a Newtonian liquid. This thermal behaviour is completely reversible as long as there 
is no storage period involved at any temperature (Claudy et al., 1991). 

In DSC-analysis of bitumen containing crystallizing substances, a number of 
thermal effects can be observed. The shape of the DSC-curve represents the 
crystallization/fusion of crystallizing fractions. Flowever, not all enthalpy changes 
measured by DSC are due to formation of purely crystalline materials. In spite of 
this fact, the calculated content of crystallizing fraction is called CF. Different 
thermal effects can roughly be described as below: 

- Below 0 °C: a single exothermal effect (increase in heat capacity) 
corresponding to the glass transition. The glass transition temperature can be 
determined as the maximum of the first derivative of the calorimetric curve in the 
heating cycle (reproducibility of ±0.7 °C according to Brule et al., 1990). 
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- Between 0 and 90 °C: two or more endothermal (melting) effects due to 
change of state associated with the dissolution of fractions, previously crystallized/ 
precipitated on cooling. 

-Around 100 °C : in general, no changes. 

- Above 100 °C: possibly a slow endothermal effect due to vaporization of 
volatile compounds in the bitumen. 

The formation of a crystallized fraction depends on the carbon chain length, 
temperature, the viscosity of the liquid phase, steric factors and possibly also the 
presence of very small crystals for other molecules to precipitate on (Claudy et al., 
1991; Mohammad et ah, 2003). According to Mohammad et al., recycling of old 
polymer modified asphalt mixes may, when admixing into new asphalt mixes, result 
in increased total amount of crystalline material. The reason for this should, 
according to the authors, be that components from the bitumen in the recycled 
polymer modified mix act as “nucleating material” to wax crystals in the new 
bitumen mix. There seems to be a need for further studies to support these results. 

Concerning the different SARA fractions (saturates, aromatics, resins, 
asphaltenes) only the two first mentioned show thermal effects in the temperature 
range mentioned above (Brule et al., 1990). 

When comparing bitumen and crude oil, and the thermal behaviour of their 
respective distillate fractions, there are certain likenesses to be noted. The thermal 
effects are summarized in Table 1 and are illustrated in Figure 1. The smaller 
exothermal effect near Tg is due to crystallization of fraction, which could not 
crystallize during cooling to Tg. The broad endothermal effect is due to dissolution 
of n-alkanes (in crude oil, kerosene and diesel fuel) or crystallized fraction (in 
bitumen). Only bitumen shows more than one thermal effect within this dissolution 
temperature range, and DSC curves that vary with time. Flowever, all DSC curves 
are dependent on the thermal history of the sample, in particular storage temperature 
and storage time. 


Table 1. Detectable thermal effects during DSC-analysis for different petroleum 
products (Claudy et al., 1991) 


Petroleum product 

Small exothermal effect 
just above Tg (°C) 

Broad endothermal 

dissolution effect (°C) 

crude oil 

-120<Tg<-80 

-70< dissolution <80 

kerosene 

Tg<-140 

-100< dissolution <-50 

diesel fuel 

-130<Tg<-100 

-100< dissolution <25 

bitumen 

-50<Tg<-10 

0< dissolution <100 
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Figure 1. DSC curves for various petroleum products (Claudy et al., 1991) 


3.2.2. Crystallization 

In trying to understand the intermolecular structure of wax precipitations by 
DSC, different kinds of microscopy have been used (cf. Section 2.5). One question 
asked in these studies is whether or not the registered phases by DSC really are 
crystalline. For instance, Claudy et al. (1993) found that aliphatic molecules do not 
necessarily crystallize on cooling, but instead may agglomerate into small 
amorphous zones through a precipitation mechanism called spinodal decomposition. 
If the bitumen is cooled further, or if it is stored at a constant temperature for a 
period of time, these metastable associations reorient until an ultimate 
thermodynamic equilibrium is reached. Using microscopy, it was demonstrated that 
bitumens with CF (by DSC) between 0 and 3% did not show any crystallization or 
phase separation, while bitumens with higher contents did (Claudy et al., 1992b). 
The number of crystals increased with the CF content, but at the same time 
decreased in size. The effects of crystallization time and temperature on wax 
morphology of different bitumens, were also studied by Lu et al. (2004a) using 
microscopy (cf. 2.5.3). According to that study, it takes longer for bitumen wax 
crystals to show at low temperatures compared to crystallisation at room 
temperature. Furthermore, the wax crystals are smaller at low temperatures, become 
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more distinct with increasing storage time and may exist at temperatures up to 
60 °C. 

Separated waxes from direct distilled bitumen may show finer and more evenly 
distributed crystals (mainly microcrystalline) than waxes from blown bitumen, 
which show larger and more complex crystals (due to more macrocrystalline wax) 
(Gawel et al., 1998). 

3.2.3. Thermal history’ (physical hardening/hardening factor) 

Isothermal hardening has since long been a well-known phenomenon within for 
instance the polymer area, where it is normally called physical ageing. For bitumen, 
according to Bahia et al. (1991), the phenomenon has not been reported until the 
1990’s. According to others (Hesp, 2004), the phenomenon was reported for 
bitumen by several authors much earlier. 

The physical hardening affects the creep properties of bitumen, but the hardening 
rate decreases with the isothermal age of the bitumen. Crystallization of waxes and 
formation of polar fractions have been suggested as possible mechanisms in physical 
hardening. However, Bahia and Anderson established that physical hardening of 
road bitumen was not different from physical hardening of other amorphous, solid 
materials without wax, but is a result of collapse in free volume. (The term 
isothermal hardening has also been used for the total possible effect of physical 
hardening, steric hardening - slow building up of weak molecular associations - and 
hardening due to wax crystallization - Soenen et al., 2004). 

Consequently, creep compliance is affected by isothermal storage temperature 
and time, as well as by the origin of the bitumen (Bahia et al., 1992). Both wax 
content and degree of physical hardening seem, according to results from (Bahia et 
al., 1992), increase with the molecular weight of the neutral bitumen fraction. 
According to the authors, this may be because the molecular weight distribution 
affects both the amount of wax-like molecules in the bitumen and the physical 
hardening. 

Obviously, there is some correlation between physical hardening factor (PHF) 
and enthalpy change by DSC. With some correction for reduced molecular mobility 
at low temperatures (CF/(Tc -Tg)), the correlation was found to be very good by 
Claudy et al. (1992a) (r 2 =0.96 for eight SHRP bitumens at -15°C). The authors 
suggest that the amount of crystallized fraction by the time of determination is what 
really matters, and not so much Tg as suggested by Anderson and Bahia. In a more 
recent study by Lu et al. (2004b), non-waxy bitumens showed no physical hardening 
(constant creep response) and bitumens containing approximately the same amount 
of wax very different degree of physical hardening. The correlation between PHF 
and CF was in this study found to be very weak (r 2 = 0.41 at -15°C). However, with 
the correction mentioned above, the correlation would have been somewhat better 
(r 2 =0.64). In yet another study (Edwards et al., 2005), involving both natural 
bitumen wax and commercial wax, no correlation between physical hardening and 
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wax content by DSC was found. Summarizing, physical hardening and the effect of 
wax on physical hardening is still not fully understood. 


3.3. Effect of waxes on different bitumen properties 

The effect of wax on traditional bitumen properties, such as penetration and 
viscosity, is illustrated in a Bitumen Test Data Chart (BTDC). The transition range 
between penetration and viscosity is typical for wax in bitumen, and the wax 
crystallization is expressed through the fact that the softening point calculated on the 
base of the viscosity values will be lower than the experimentally determined 
softening point. 

The difference in viscosity at 60 °C, when tested after heating or after cooling to 
this temperature, could be another method of demonstrating wax in bitumen. 

The effect of wax on the viscoelastic properties of bitumen can be studied using 
a DSR. The effect on complex modulus (G*) and phase angle (5) has been registered 
by many authors (Planche et al., 1998; Obertiir et al., 1997; Butz et al., 2000; 
Carbognani et al., 1998; Edwards et al., 2003). 

Effect of wax on the low temperature properties of bitumen can, in addition to 
traditional determination of Fraass breaking point, be characterized by BBR or DTT. 

For wax effect studies of cohesion properties of bitumen, a ductilometer may be 
used. Wax in bitumen is considered to imply lower ductility (at temperatures from 5 
to 25 °C) and viscosity than for non-waxy bitumen of the same penetration grade 
(Plummer et al., 1984; Fritsche, 1995 and others). Paraffin-rich bitumen may lose its 
ductility and become inhomogeneous as a result of paraffin crystallization (Obertiir 
et al., 1997; Que et al., 1991; Lajain, 2001). In ductility testing, the wax crystals are 
considered to obstruct plastic deformation leading to earlier failure in testing 
compared to wax-free bitumens. Flowever, also improved ductility has been reported 
(Lajain, 2001). 

Studies concerning rheological changes for more or less wax-rich bitumens 
and/or at the addition of wax have been reported in a great number of studies as 
shown in Table 2. The studies have been grouped by countries. 

Rheometer analysis of bitumen/filler mixtures (25%/75%) with waxy bitumen 
was performed by Gastmans (1997). Two types of filler, eight SFIRP bitumens and 
one polymer modified bitumen were part of the study. Complex modulus and 
dynamic viscosity could for the chosen test parameters not be correlated to bitumen 
wax content, neither for bitumen nor bitumen/filler mixtures. Flowever, in some 
cases there was a correlation between displacement of the test specimen in the 
rheometer and wax content. 
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Table 2. Rheological studies of waxy bitumens 


Studies 

Type of bitumen 
and waxes 

Properties studied 

Equipm. 

used 

(Brule et al., 1990, 
Claudy et al., 1991, 
Claudy et al., 1992b, 
Planche et al ., 1998) 

SHRP bitumen 

Elf Bitumen 
(0-11% CF) 

Crystallizing fraction, CF. 

Low temperature properties, 
Tg, G g i ass . Effects of thermal 
history, PHF. Conv. physical 
properties. 

-40 to +60°C and 0.016-16 

Hz 

DSC 

DSR 

BBR 

(Obertiir et al., 1997; 
Butz et al., 2000; 
Rahimian et al., 

1998a; Rahimian et 
al., 1998b; Sachs et 
al., 2000) 

Bitumen with added 

wax, TP and GP 
(0-6%), FT-parafftn 
(0-4%) 

Conventional 

bitumen 

Complex modulus G*, phase 
angle 5, storage modulus G’, 
yield stress. Surface tension. 
Conventional physical 
properties. 

-10 to+80°C and 0.2-20 Hz 

DSR 

(McKay et al., 1995) 

SHRP bitumen 

(solvent-precipitated 

bitumen) 

Bitumen wax 
(0-5%) 

Dynamic viscosity, tanS. 

25 °C and 1.1 rad/s 

DMA 

(Carbognani et al., 
1998) 

Venezuela bitumen 

Bitumen wax 
(0-5%) 

Complex modulus G*, phase 
angle 6, 

10 to 70°C and 0.03-63 rad/s 

DSR 

(Ho et al., 2004) 

Bitumen with added 
wax (0-3%) 

Low temperature properties, 
Tg, T cr j t i ca i, secant modulus 

DTT 

BBR 

(Edwards et al., 2003; 
Lu et al, 2004a; 

Lu et al., 2004b) 

Conventional 

bitumen 

Bitumen wax, 
slack wax 
(0-6% CF) 

Complex modulus G*, phase 
angle 8, CF 

-30 to +100°C and 1.0 to 10 

rad/s 

25 to 70°C and 0.05-to 1.59 

Hz 

DSR 

DSC 

BBR 


4. The effect of wax on pavement properties 

By way of introduction in this chapter, it should be noticed that very few studies 
concerning effects of waxy bitumens on pavement properties have been performed. 
In testing and evaluating functional properties of bitumen and asphalt concrete 
pavements, the effects of bitumen wax in most cases are negligible. However, 
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laboratory test results have shown that some waxes under special circumstances may 
show a negative effect on the bitumen and, possibly, the asphalt pavement 
properties. In a French article by authors from a large part of the bitumen line of 
business (BP, Esso, TotalFinaElf and Shell), it is even urgently requested to be 
cautious when using waxy bitumen and to carefully follow-up such pavements 
(Such et al., 2000). The request was based on results from a comparative laboratory 
study involving waxy bitumens (4.8 to 7.6% CF by DSC) and asphalt mixes 
containing these bitumens. 


4.1. Functional properties and requirements for asphalt pavements 

An asphalt mix should meet certain performance requirements. The following 
requirements for which the binder is of decisive importance were listed at the 
Eurobitume workshop 1999 (no ranking in order of importance): 

- resistance to permanent deformation; 

- resistance to fatigue cracking and reflective cracking; 

- stiffness; 

- adhesivity and resistance to stripping; 

- resistance to ageing; 

- resistance to thermal cracking. 

The manufacturing and laying properties are other parameters of importance. In 
many respects, the binder properties are of crucial importance for the functional 
properties of the asphalt pavement. If binder properties are affected by wax content, 
the corresponding changes could also affect asphalt concrete properties. 


4.2. Effect of waxy bitumen 

Possible problems for asphalt pavements, connected to negative properties of the 
bitumen, which may be linked to wax content, are listed in Table 3, as well as used 
bitumen test methods to indicate these problems. Results and experience within this 
area are based on laboratory studies performed mainly on bitumen samples 
(Fritsche, 1995; King, 1991; Que et al., 1991; Obertiir et al., 1997). Flowever, some 
papers involving asphalt mixes and/or field studies have been found in the literature 
and are briefly presented below. 

De Bats et al. (1975) reported about a small-scale field study. Test pavements 
with bitumen containing up to 12% wax (the content determined by an extraction 
method) were performed and evaluated during a period of eight years. According to 
the report, the asphalt pavements with high wax content performed just as well as 
the pavements with lower wax content or no wax at all. Also Wester et al. (1971) 
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reported that bitumen from waxy crude oils was used without problems in road 
pavements. 


Table 3. Possible asphalt pavement problems concerning waxy bitumen 


Possible 

asphalt 

pavement 

problems 

Negative effect, possibly caused 
by wax in the bitumen 

Test methods used for 

the bitumen 

Cracking 
at low 

temperatures 

Brittleness of the wax at low temperatures. 
Low temperature physical hardening. 

Flexibility and tensile 
strength testing: Fraass 
breaking point, 

Bending Beam 
Rheometer, Direct 
Tension Test. 

Rutting at 

higher 

temperatures 

Low stiffness at high service temperatures 
and high temperature sensitivity. 

Decreased viscosity caused by waxes at 
higher temperature. 

Softening point, 
Complex modulus and 
phase angle, Zero 

Shear Viscosity by 
Dynamic Shear 
Rheometer. 

Laying 

problems 

High temperature sensitivity at laying 
temperatures. Sudden, viscosity changes for 
the bitumen in the melting temperature range 
of the crystalline waxes. Less viscous at 
higher temperatures as well as more viscous 
at lower temperatures than bitumen without 
or with very low wax content. As a 
consequence of increased viscosity at 
compaction temperatures, the waxes may 
contribute to lower compaction of the asphalt 
mix. 

Viscosity at laying 
temperature, Zero 

Shear Viscosity. 
Deviation from 

Bitumen Test Data 

Chart. 

Loss of 
aggregate and 
considerable 
wear of the 
wearing course 

Loss of adhesion between bitumen and 
aggregate and reduced cohesion. The 
ductility of the bitumen may decrease at 
lower temperatures depending on 
inhomogeneous material caused by wax 
crystals. Reduced wetting as a result of 
hydrophobic character of the wax and 
predominant hydrophilic character of the 
aggregate. 

(Force)-ductilometer, 
Pendulum test (Vialit). 
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However, according to Fromm et al. (1971), the use of waxy bitumen in Canada 
in the 1950’s resulted in big problems with extremely high temperature sensitive 
pavements. Stricter requirements on viscosity at 135 °C and ductility at 4 °C were 
introduced for this reason. Nowadays in Canada, paving grade bitumens are 
specified according to SHRP, and blown bitumen is commonly used in road 
pavements (Zanzotto, 2003). In a literature study, Zeng (1995) summarized field 
investigations from test roads in Canada and the US, which had been used for 
studying low temperature properties with focus on effects of the binder. Some of 
these pavements contained waxy bitumen. Waxy bitumen was found to show 
negative effect on the low temperature properties of the binder in a number of field 
studies. 

Lu et al. (2004b) studied the effects of bitumen wax on the low temperature 
properties of bitumens and asphalt mixtures using the thermal stress restrained 
specimen test (TSRST). Relationships between the asphalt fracture temperature 
according to TSRST and the low temperature parameters of bitumens used (LST 
(temperature at 300 MPa stiffness), LmT (temperature at 0.3 m-value), Tg and 
Fraass breaking temperature) were found to be weak. No simple relationship was 
found between the low temperature cracking of asphalt mixtures and the wax 
content of the nine bitumens studied, probably due to the well known fact that the 
parameters investigated are not directly related solely to wax content. The paper 
contains no information about chemical composition of the different waxes, which 
may differ very much in for instance n-alkane content. The best correlation found 
was between asphalt fraction temperature and bitumen LmT (R 2 = 0.65). Isothermal 
hardening of five bitumens and the corresponding asphalt mixes (using uni-axial 
tension compression test and TSRST) was also studied (Soenen et al., 2004). 
According to results from that study, isothermal hardening could have a large effect 
on binders but did not show a large influence on low temperature fracture properties 
of the mix. In TSRST testing only two binders were used, one with no wax 
according to DSC and the other with 3% (commercial so-called slack wax). 

Commercial wax is sometimes used as flow improver (viscosity depressant) in 
asphalt concrete, making it possible to reduce the mixing temperature and improve 
compaction of the mix as well as resistance to permanent deformation (Driischner, 
2004). Laboratory and field studies are being performed in Germany for a large set 
of wax/binder systems. Test sections were constructed in June 2004 and will be 
studied for at least a period of eight years. The goal of the project is to have some 
ZTV Asphalt requirements specifications in 2006 for so-called TA Asphalt in 
Germany (Damm, 2004). 


5. Conclusion 

Concerning the effect of natural wax on the properties of bitumen, there are 
conflicting opinions. In laboratory studies on bitumen, the effects of wax on 
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traditional bitumen properties have been presented. Rheometer analyses of different 
types have been part of many studies. Bitumen analysed in these studies may be 
divided into three groups: 

- Bitumen containing natural wax of different types; 

- Bitumen to which natural wax, isolated from bitumen using different 
procedures, is added; 

- Bitumen to which commercial macrocrystalline or microcrystalline wax is 
added. 

The following main conclusions can be drawn from the literature study presented 
in this paper: 

- One reason for the variation of opinions concerning effects of wax in bitumen 
is the fact that different methods give different results. This is true for wax quantity 
as well as wax quality. Several methods have been used over the years. 
Determination of wax content by DSC is mostly reported in recent literature. 

- Few binder studies have been found comparable. Very few scientific studies 
correlating wax effects in bitumen to the corresponding effects on asphalt mixes or 
asphalt pavements in the fields have been found. 

There is a continuing debate going on regarding the effects of wax in bitumen 
(natural or added) and asphalt mixtures, which implies that more research is needed 
for a better understanding of these effects. 
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Due to printing problems Figure 1 published in RMPD vol. 6, issue 3/2005 in "Wax 
in Bitumen. Part I - Classifications and General Aspects”, was not correctly 
reproduced. We are sorry for this and therefore present the Figure once more in a 
correct transcription. 
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